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OBJECTIVES
fluid and contaminant extraction rates from a wide range of unconsolidated soils. Successful This program systematically evaluates the use completion of this program will result in a of acoustic excitation fields (AEFs) to increase commercially-viable, advanced in-situ remediation technology that will significantly reduce clean-up times and costs. This technology should have wide applicability since it is envisioned to augment existing remediation technologies, such as traditional pump and treat and soil vapor extraction, not replace them.
The overall program has three phases.
Phase I -Laboratory Scale Parametric
Investigation
Phase 11 -Technology Scaling Study
Phase 111 -Field Demonstration Phase I of the program, corresponding to this period of performance, has as its primary objectives to provide a laboratory-scale proof of concept, and to fully characterize the effects of AEFs on fluid and contaminant extraction rates in a wide variety of soil types. The laboratory measurements of the soil transport properties and process parameters will be used in a computer model of the enhanced remediation process. A Technology Merit and Trade Study will complete Phase I.
BACKGROUND INFORMATION
This section provides a brief overview of previous related studies on the effects of an acoustic excitation field (AEF) on fluid flow in porous media. It should be noted here that a wide variety of acoustical sources operating between seismic and ultrasonic frequencies, including standard mechanical oscillators, electromechanical flextensional transducers, compressed air driven oscillator systems, combustion and detonation wave driven acoustic generators, and other advanced technologies, are potentially applicable to acoustically enhanced remediaton.
Review of Previous Related Studies
There have been numerous studies, e.g., Duhon (1964) , Beresnev and Johnson (1994) , and Reddi and Challa (1994) , that suggest the potential for acoustically enhanced remediation of contaminated soils and ground water. While a majority of these studies were directed toward developing techniques for enhanced oil recovery, there recently has been a realization that similar approaches may be useful for environmental remediation, e.g., Weiss Associates (1993) and Reddi and Challa (1994) .
Many of the studies on the application of sonic energy to improve oil production were performed in the former Soviet Union. Beresnev and Johnson (1994) present a comprehensive review of both laboratory and field studies which suggest that the application of acoustic energy can increase the rate of oil production from subsurface reservoirs. Table 1 (next page) , modified after Beresnev and Johnson, is a compilation of data from laboratory studies in the United States and the former Soviet Union.
The reported results from field studies are even more intriguing. While the field studies are in many cases poorly-controlled, they suggest that weak elastic waves from regional earthquakes or Vibroseism-type sources, with strain amplitudes below 10-7, can increase oil production from reservoirs as deep as 4,000 feet (1,200 meters). The effects appear to be most favorable when the reservoir is nearly depleted and the produced fluids have a water-cut over 90 percent. The duration of the increased oil production varied from 10 days to 147 days for acoustic excitation on the order of a few minutes (earthquakes) to a month (industrial vibratory sources). Weiss Associates (1993) conducted preliminary experiments to evaluate how low-frequency acoustic excitation affects the permeability of sand. Their experiments were conducted WA is an environmental engineering and hydrogeological service company with over 14 years of experience in subsurface characterization and remediation. WA personnel are highly skilled and experienced in the areas of regulatory compliance and permitting, site characterization, air quality, ground water modeling, risk assessments, and remediating subsurface contaminants in soil and ground water. WA fully serves seven of the thiiy-one Federal Superfund sites in the San Francisco Bay Area. WA is the developer of the concept of using an AEF to enhance the subsurface remediation of contaminants in low-permeability soils and bedrock.
SARA, Inc. is a technology development company with extensive experience conducting research in acoustic technology for military and commercial applications. SARA, Inc. personnel have an extensive background in applied physics and electrical engineering, experimental and theoretical investigations of non-linear processes in materials, signal processing and control, and the development of high power acoustical sources.
Additional team members are Ms. Dorothy Bishop and Mr. Brian Bonner at Lawrence Livermore National Laboratory and Dr. James K. Mitchell of the Department of Civil Engineering at the Virginia Polytechnic Institute. Dr. Mitchell is a member of the National Academy of Engineering and an internationally recognized authority on soil behavior and soil mechanics.
The Project
The remediation of fine-grained soils is a slow process because of their low permeability and generally high absorptive capacity. The DOE Acoustic Remediation Program will investigate the use of an acoustic excitation field (AEF) to enhance the rates of fluid and contaminant extraction from these sediments. One concept of how the subject technology may be utilized in the subsurface is shown in Figure 1 . In this example, we use a borehole/well with downhole acoustic sources to generate and propagate the AEF. An systematically evaluate the relationships between extraction well recovers the fluid and contaminant the fluid and contaminant extraction rates, the by pumping it to the surface where it is frequency and power density of the AEF, and subsequently treated and/or disposed.
induced physico-chemical changes for a variety of soil types at different pressures and saturation The overall program has three phases. The conditions. initiation of each new phase is dependent upon the successful completion of the previous phase.
Phase II is a technology scaling study conducted to (1) Phase I consists of a series of laboratory Phase III consists of two parts. Part 1 will be experiments designed to (1) verify that AEF conducted at a non-industrialized, clean test site to technology can enhance the in-situ remediation of (1) verify that acoustically enhanced remediation contaminated soil and ground water, and (2) can be operated in the field safely and predictably, (2) evaluate various acoustic sources and control techniques, (3) evaluate the field deployment methodology prior to contaminated site application, and (4) validate a numerical model of the acoustically enhanced remediation process at a field scale. Part 2 will be conducted at an industrialized, contaminated site to verify that acoustically enhanced remediation (1) can significantly enhance contaminant recovery from soil and ground water, and (2) is safe and economical.
Phase I Laboratory Scale Investigation
Figures 2 and 3 (following pages) summarize the potential effects of acoustic excitation on the porous grain framework of the soil and the pore fluids, respectively. While there have been many observations to indicate the potential of acoustically enhanced soil and ground water remediation, many of the previous data consist of single point measurements. The Phase I effort will provide a laboratory-scale proof of concept and fully characterize the effects of AEFs on fluid and contaminant extraction rates. In addition, we will conduct a Technology Merit and Trade Study. The tasks in Phase I are shown in the contract information.
A key question, to be addressed in Phase I. is whether there are beneficial effects of AEFs at low power densities and strain levels, or if high power densities are required to drive the soil at strain amplitudes where the material response is non-linear. If there are beneficial effects at low power densities, then the eventual field design cart probably be comparatively simple (and less expensive) with a relatively small number of acoustic sources. If higher power densities are required, our engineering analyses (described in the next section) show that high power densitizs can be accomplished using source arrays with advanced control techniques. The laboratory experiments in Phase I will cover nearly the entire range of frequencies and power densities of potential interest.
We will analyze the influence of AEFs in laboratory-size, unconsolidated soil samples. Our objective is to understand the physical effects of AEFs on contaminated soil and ground water through a series of well-con trolled experiments and to evaluate estimates of the soil transport properties and process parameters. These data will be used in a computer model of the enhanced soil remediation process. This model will allow (1) an initial quantitative estimate of the efficiency and effectiveness of acousticallyenhanced soil and ground water remediation, (2) design and planning of Phase II which will address technology scaling from the laboratory to the field, and (3) predictions of how acousticallyenhanced remediation will work under field conditions. We are taking this approach. rather than trying to simulate the remediation process in a laboratory-size sample, because the acoustic wavelengths are much longer than the sample size and it is physically impossible to simulate the field geometry in a laboratory sample. Therefore, the only possible approach is to measure the basic material properties in laboratory-size samples, incorporate the results in a computer model of the remediation process, and then to validate the computer model during Phase II tests at a larger scale on the order of 1,000 gallons. Lower surface tension will allow stationary droplets to coalesce and flow. Abstracts for over 200 relevant papers were identified during this process. After review of the abstracts, relevant papers were acquired and a brief summary was entered into a tabular database. Selected abstracts discuss relevant laboratory data, instrumentation and sources, theory, similar processes or other directly pertinent information. Selected papers from the former Soviet Union, published in Russian, are being translated and will be added to this database.
RESULTS

Work
An on-line patent search was performed through Shadow Patents, Inc., and over 50 related patents were identified. Most of these patents were issued to a sole individual Mr. Albert Bodine, and none of them appear to conflict the with DOE Acoustic Remediation Program. Table 2 summarizes the different experiments that will be conducted for each of the four soil types.
Detailed Test Plan '
During each experiment, baseline measurements will frst be made without acoustic excitation. Measurements will then be made during acoustic excitation at a series of at least three frequencies between 50 and 2,000 Hertz and at three power levels up to 1 6 Watts/meterZ. Tests will generally be run at confining pressures between 10 and 100 psi which will simulate the stress conditions in the near-surface and a 100 feet (30 meters) below the ground surface.
The experiments will be conducted to provide information on soil hysteresis effects and how long the effects of acoustic excitation persist in a particular soil. The test program is designed so that an early parametric study will enable us to pursue encouraging trends in the data. Thus, we will determine the optimal acoustic parameters to maximize the fluid and contaminant extraction rates for a wide range of soil types under both saturated and unsaturated conditions. . The single-phase measurements of hydraulic and air conductivity will be repeated three times, except for the clay sample, to verify that the results are statistically significant and not simply due to sample variability. We expect that we will be able to prepare nearly identical samples of each soil material. While there will be inevitably some variability among samples, in our data analyses, we will focus on the relative changes in fluid and contaminant extraction rates with and without acoustic excitation.
Due to the time-consuming nature of the analyses, we will follow simplified procedures, using only selected frequencies and power levels, to evaluate how acoustic excitation affects the hydraulic conductivity of clay, and the rates of NAPL ground water and soil vapor extraction. If we find an increased flow andor contaminant extraction rate with acoustic excitation, then we will go back and endeavor to identify the optimal acoustic parameters for remediation.
Laboratory Test Equipment
Figure 4 (next page) shows a schematic of the Phase I laboratory test apparatus. This apparatus uses an electromechanical shaker to excite vibrations in a test sample of unconsolidated soil approximately 1.5" diameter and 4" long. As the test sample and top end cap are accelerated by the shaker, the inertial loading of the test sample due to it own mass and the mass of the top end cap generates a relatively uniform strain field in the test sample. We conducted a series of engineering analyses to verify the suitability of this approach. The results of these analyses predict that we can expect to achieve power levels over 10s
Wattdmeterz and strain amplitudes in the test sample above 10-4 at frequencies between 50 and 5,000 Hertz.
The soil sample is jacketed between two end caps which are fitted with porous metal filters for permeability measurements. The shaker and sample assembly are enclosed in a sealed chamber that is pressurized to simulate the stress on a soils at different depths in the subsurface.
The soil sample will be instrumented with three different types of sensors.
0
A dynamic pressure transducer will be placed in direct contact with the soil material at each end of the test sample to directly measure the applied stress in the sample. With these stress measurements and an estimate of Young's modulus calculated from the resonant frequency of the sample, we will be able to evaluate the strain amplitude, or fractional change in length, of the soil sample.
A small accelerometer will be mounted in each of the end caps to measure the vibrations (that is the acceleration, velocity and displacement) at the top and bottom of the sample. These sensors will be used to verify that the sample is being excited in a uniform manner by the shaker.
Temperature measurements will be made using three thermocouples equally spaced along the length of the sample.
The pressure drop across the sample will be directly measured using a differential pressure transducer. The driving pressure on the purging agent reservoir and the confining pressure will . Looking ahead, we completed an initial also be measured and recorded.
acoustic trade study to evaluate the range of frequencies and power levels that are achievable in the field, in case it turns out that we need to Technology Merit and Trade Study drive the soil at higher power levels. This trade study provides useful bounds or constraints on the As described above, a key question to be range of frequencies and power densities that can answered by the laboratory-scale analyses is reasonably be achieved using focused source whether there are beneficial effects of AEFs at low power densities and strain levels, as arrays and advanced control techniques. The results of this initial acoustic trade study are summarized graphically in Figure 5 (next page).
First, there is an upper bound on the range of possible frequencies near 30 kHz. At higher frequencies, strong acoustic attenuation in the sediments will severely limit the possible region, which may extend to lower strain remediation volume. The lower frequency limit is amplitudes, where it should be possible to conduct determined by the available acoustic power and acoustically enhanced remediation. The laboraby the fact that at low frequencies it will be tory experiments in Phase I will cover nearly the difficult to focus the acoustic energy into a entire range of frequencies and power densities of compact remediation volume. Multiple factors, potential interest. including non-linearities, acoustic scattering and heterogeneities in the subsurface velocity field, will contribute to a practical upper bound on the acoustic intensity. Taken together, the frequency limits and the upper bound on the acoustic intensity define a months will involve (1) finalizing the Detailed Test Plan, (2) final assembly and shakedown
